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The  use  of  synthetic  phosphodiesterase  type  5  (PDE-5)  inhibitors  for  the  treatment  of  erectile 
dysfunction:  sildenafil  citrate  (Viagra®),  tadalafil  (Cialis®)  and  vardenafil  hydrochloride  (Levitra®)  has 
increased  dramatically  over  the  past  2  years.  These  substances  are  prescription  drugs  and  must  be  used 
under  medical  supervision.  However,  they  can  easily  be  obtained  over  the  internet  from  illegal  sites, 
being  a  potential  for  a  threat  to  public  health. 

The  development  of  an  electrospray  ionisation  (ESI)  ultra  performance  liquid  chromatography  tandem 
mass  spectrometry  (UPLC-MS/MS)  procedure  for  the  simultaneous  identification  and  quantification  of 
three  PDE5  inhibitors  in  blood  samples  was  desired. 

Samples  were  prepared  using  Oasis®  HLB  solid-phase  cartridges  (3  cc,  60  mg)  and  chromatographic 
separation  was  achieved  on  an  Acquity  UPLC®  HSS  T3  (100  x  2.1  mm  i.d.,  1.8  pm  particles)  column  with  a 
gradient  mobile  phase  of  0.1%  formic  acid  and  acetonitrile  at  a  0.5  mL/min  flow  rate. 

Quantification  was  achieved  by  multiple  reaction  monitoring  (MRM)  of  two  transitions  per  compound: 
m/z  475.1  >  58  e  m/z  475.1  >  311.1  for  sildenafil;  m/z  389.9  >  267.9  e  m/z  389.9  >  134.8  for  tadalafil  and 
m/z  489  >  71.9  e  m/z  489  >  150.9  for  vardenafil.  Zolpidem-d6  (m/z  314.5  >  235.3)  was  used  as  the 
internal  standard. 

Calibration  curves  were  linear  over  the  concentration  range  of  5—1000  ng/mL,  with  a  coefficient  of 
determination  better  than  0.997.  The  lower  limits  of  detection  and  quantification  for  these  substances 
were  <3  ng/mL  and  <8  ng/mL,  respectively.  The  method  showed  a  satisfactory  sensitivity,  precision, 
accuracy,  recovery  and  selectivity. 

A  rapid,  selective  and  sensitive  UPLC-MS/MS  method  using  solid-phase  extraction  was  developed  for  the 
simultaneous  determination  and  quantification  of  sildenafil,  vardenafil  and  tadalafil  in  blood  samples. 

©  2013  Elsevier  Ltd  and  Faculty  of  Forensic  and  Legal  Medicine.  All  rights  reserved. 


1.  Introduction 

Erectile  dysfunction  (ED)  is  the  persistent  inability  to  achieve 
and  maintain  an  erection  adequate  for  satisfactory  sexual  perfor¬ 
mance.  Sexual  stimulation  induces  nitricoxide  (NO)  release  from 
endothelial  cells  and  nonadrenergic  and  noncholinergic  neurons. 
NO  activates  the  cellular  enzyme  guanylate  cyclase,  which  cleaves 
guanosine  triphosphate  into  cyclic  guanosine  monophosphate 
(cGMP).  cGMP  in  turn  activates  a  series  of  downstream  G  proteins, 
which  collectively  lead  to  a  decline  in  intracellular  calcium  content 
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and  subsequent  smooth  muscle  relaxation.  With  muscular  relaxa¬ 
tion,  there  is  a  dilation  of  the  cavernous  arteries  and  corporal  si¬ 
nusoids  of  the  penis,  leading  to  enhancement  of  blood  flow. 
Phosphodiesterase  type  5  (PDE-5)  is  the  enzyme  primarily 
responsible  for  the  hydrolysis  of  cGMP  in  the  penis.  Inhibition  of 
PDE-5  leads  to  persistent  vasodilation  and  maintenance  of  penile 
blood  flow  by  sustaining  a  high  level  of  cGMP  in  the  cavernous 
tissues  and  arteries.  Synthetic  PDE-5  inhibitors  are  currently  used 
in  the  treatment  of  male  ED.  Sildenafil  citrate  (Viagra®),  tadalafil 
(Cialis®)  and  vardenafil  hydrochloride  (Levitra®)  all  inhibit  PDE-5 
at  the  level  of  corpus  cavernous1,2  with  different  onset  of  action, 
bioavailability  (oral  bioavailability  of  sildenafil  averages  41%;  var¬ 
denafil  15%  and  tadalafil  80%)  and  pharmacokinetic  profiles.3-6 
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However,  tadalafil  is  innovative  due  to  its  longer  half-life  (17.5  and 
proven  efficacy  rates  after  36  h)  and  highest  selectivity.1,6,7 

Because  of  its  increasing  popularity  and  potential  side  effects, 
the  need  for  a  procedure  to  the  simultaneous  determination  of 
sildenafil,  vardenatil  and  tadalafil  in  biological  samples  is  becoming 
increasingly  important. 

Gas  chromatography-mass  spectrometry  (GC/MS),8,9  high- 
performance  liquid  chromatography  (HPLC), 10-14  liquid  chroma¬ 
tography-mass  spectrometry  (LC/MS)15-19  as  well  as  liquid  chro¬ 
matography-tandem  mass  spectrometry  (LC/MS/MS)20-28 
methods  have  been  reported  for  the  determination  of  PDE-5  in¬ 
hibitors  in  biological  samples.  The  UPLC-MS/MS  method  provides  a 
shorter  runtime  and  sharper  peak  shape,  which  improves  sensi¬ 
tivity  and  reduces  potential  interference  by  matrix  components. 
Witjes  et  al. 29  published  a  validated  UPLC-MS/MS  method  for  the 
analysis  of  sildenafil  and  its  metabolite  in  plasma. 

We  present  the  validation  results  of  a  method  for  simultaneous 
assay  of  sildenafil,  tadalafil  and  vardenafil  in  blood  samples  after 
solid-phase  extraction,  using  UPLC-MS/MS.  To  our  knowledge,  this 
is  the  first  sensitive  and  selective  UPLC-MS/MS  method  to  simul¬ 
taneous  quantify  three  PDE-5  inhibitors  in  blood  samples. 

2.  Materials  and  methods 

2.2.  Chemicals  and  materials 

Sildenafil  (99.7%)  and  zolpidem-d6  (99%),  used  as  internal  stan¬ 
dard  (IS),  1  mg/mL  and  100  pg/mL  ampoules,  respectively,  were 
obtained  from  Cerilliant  (Round  Rock,  TX,  USA);  tadalafil  (not  less 
than  98%)  powder  was  supplied  by  TLC  PharmaChem  Inc.  (Concord, 
Canada)  and  vardenafil  hydrochloride  (99.9%)  powder  was  kindly 
provided  by  Bayer  Healthcare  (Wuppertal,  Germany).  Formic  acid 
extra  pure  (98-100%)  and  methanol  analytical  grade  were  pur¬ 
chased  from  Merck  (Darmstadt,  Germany).  Acetonitrile  and  water 
LC-MS-grade  were  from  Merck  (Darmstadt,  Germany).  The  mobile 
phase  was  filtered  through  a  0.20  pm  filter  (Schleicher  &  Schuell)  and 
degassed  in  an  ultrasonic  bath  for  15  min  prior  to  use.  Oasis  HLB®  SPE 
Cartridges  (60  mg,  3  mL),  used  for  sample  preparation,  were  from 
Waters  (Waters®  Corporation,  Milford,  MA,  USA),  and  were  used  on  a 
solid-phase  system  Vac  Elut  EPS  24  from  Varian  (Harbor  City,  CA, 
USA).  Standard  and  deuterated  stock  solutions  of  1  and  0.1  mg/mL  in 
methanol  were  stored  at  -20  °C.  For  each  compound  two  separate 
stock  solutions  of  1  and  0.1  mg/mL  were  prepared  in  methanol  and 
identified  as  calibration  and  quality  control  (QC),  respectively. 

Working  standard  solutions  were  prepared  by  dilution  of  stock 
solutions  to  appropriate  concentrations.  All  solutions  were  stored 
at  -20  °C. 

2.2.  Blood  samples 

Pooled  blank  human  blood  was  obtained  from  the  Portuguese 
Blood  Institute  (Coimbra,  Portugal)  and  used  for  selectivity  studies 
and  to  create  spiked  blood  samples  for  the  validation  of  the 
analytical  procedure.  All  blood  samples  were  collected  into  plastic 
tubes  containing  1%  potassium  fluoride  and  Na2EDTA-oxalate  and 
stored  at  -20  °C  prior  to  analysis. 

Qualitative  analysis  was  performed  in  central  blood  samples  and 
peripheral  blood  was  selected  for  the  corresponding  quantitative 
analysis. 

2.3.  Instrumentation 

An  ACQUITY  Ultra  Performance  LC  system  (Waters®  Corpora¬ 
tion,  Milford,  MA,  USA),  composed  of  a  binary  solvent  delivery 
manager,  a  thermostatted  autosampler  and  column  over 


compartment  was  used.  Separation  was  performed  on  an  Acquity 
UPLC®  HSS  T3  column,  2.1  x  100  mm,  packed  with  1.8  pm  particles, 
which  was  maintained  at  35  °C. 

The  mobile  phase,  consisting  of  acetonitrile  (solvent  A)  and  0.1% 
formic  acid  in  water  (solvent  B),  was  delivered  at  a  flow  rate  of 
0.50  mL/min.  The  gradient  program  was  as  follows:  initial  75%  B  for 
the  first  1  min,  then  gradient  elution  was  performed  by  changing 
the  mobile  phase  from  75%  to  40%  B  between  1  and  6  min  and  after 
this  time,  reversion  of  the  mobile  phase  to  75%  B.  At  the  end  of  this 
sequence  the  column  was  equilibrated  under  initial  conditions  for 
1.0  min.  The  autosampler  temperature  was  set  at  15  °C.  The  system 
was  equipped  with  strong  and  weak  wash  solution  reservoirs. 

Detection  was  carried  out  using  an  Acquity™  TQD  tandem- 
quadrupole  MS  equipped  with  a  Z-spray  electrospray  ionization 
(ESI)  source  (Waters®  Corporation,  Milford,  MA,  USA). 

The  mass  spectrometer  was  operated  in  positive  multiple  re¬ 
action  mode  (MRM)  mode.  Parameters  were  as  follows:  capillary 
voltage  (3.0  kV),  extractor  voltage  (3.0  V),  RF  lens  voltage  (0.1  V), 
source  temperature  (150  °C),  desolvation  temperature  (450  °C), 
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Fig.  1.  UPLC-MS/MS  chromatograms  with  two  MRM  transitions  monitored  simulta¬ 
neously  for  each  PDE-5  inhibitors  in  blood  samples. 
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Table  1 

Retention  time  (RT),  optimized  ion  transitions  and  collision  energy,  limits  and  linearity  results. 
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Analyte 

RT  (min) 

DP  (V) 

Targetion  transition 

CE  (eV) 

Qualifierion  transition 

CE  (eV) 

Limits  (ng/mL) 

Linearity 

r2 

( mjz ) 

(m/z) 

LD 

LQ. 

Sildenafil 

2.75 

54 

475.1  >  58 

44 

475.1  >  311.1 

32 

3 

8 

Y  =  0.0091*  +  0.0044 

0.998 

Tadalafil 

4.10 

36 

389.9  >  267.9 

20 

389.9  >  134.8 

14 

1 

4 

Y  =  0.0003*  +  0.0011 

0.997 

Vardenafil 

1.92 

52 

489  >  150.9 

42 

489  >  71.9 

54 

3 

8 

Y  =  0.0007*  -  0.0039 

0.997 

Zolpidem-d6 

1.39 

56 

314.5  >  235.3 

38 

— 

— 

— 

— 

— 

— 

DP  declustering  potencial,  CE  collision  energy. 


cone  gas  flow  rate  (0  L/h),  desolvation  gas  flow  rate  (750  L/h), 
multiplier  voltage  (650  V)  and  collision  gas  flow  (0.15  mL/min). 

The  analytes  were  detected  by  ion  transitions  from  protonated 
molecule  ions  to  fragment  ions  in  MRM  mode.  For  each  analyte,  the 
most  intense  ion  transition  (target  ion)  was  used  for  quantitation 
and  the  second  one  (qualifier  ion)  to  confirm  its  identification 
(Fig.  1 ).  Retention  time,  declustering  potential,  collision  energy  and 
MRM  transitions  for  the  analytes  are  listed  in  Table  1. 

All  aspects  of  system  operation  and  data  acquisition  were 
controlled  using  Masslynx™  v4.1  software  (Waters®  Corporation, 
Milford,  MA,  USA)  with  automated  data  processing  using  the 
TargetLynx™  Application  Manager  (Waters®  Corporation,  Milford, 
MA,  USA).  IntelliStart™  software  (Waters®  Corporation,  Milford, 
MA,  USA)  was  used  to  control  the  fluidics  device  to  infuse  solutions 
for  tuning  the  MS. 

Argon  was  used  as  collision  gas,  and  nitrogen  was  used  as  the 
nebulising  and  desolvation  gas. 

2.4.  Sample  preparation 

The  QC  and  the  calibration  samples  were  prepared  by  spiking 
drug-free  blood  samples  with  methanolic  working  standard 
solutions. 

A  0.5  mL  aliquot  of  blood  sample  was  spiked  with  50  pL  of  IS 
(zolpidem-d6  was  used  due  to  the  lack  of  adequate  reference 
standard)  at  a  concentration  of  1  pg/mL  and  2  mL  of  water  was 
added.  The  mixture  was  vortex  mixed  for  30  s  following  centrifu¬ 
gation  at  2000  x  g  for  5  min  and  loaded  into  HLB  cartridge,  which 
had  been  conditioned  with  2  mL  methanol  followed  by  2  mL  water. 
The  washing  of  the  cartridges  was  carried  out  with  5%  (v/v) 
aqueous  methanol  (2  mL).  Vacuum  was  applied  on  the  solid-phase 
system  for  10  min  to  dry  the  solvent.  The  analytes  were  eluted  with 
2  mL  methanol.  The  elution  was  evaporated  to  dryness  using  a 
Turbo  Vap  LV  evaporator  (Caliper,  Hopkinton,  MA,  USA)  under  a 
gentle  stream  of  nitrogen  at  40  °C.  The  dried  extract  was  then 
reconstituted  with  150  pL  of  phase  mobile  (25:75,  v/v  acetonitrile  - 
0.1%  formic  acid  in  water)  and  10  pL  was  injected  into  the  UPLC-MS/ 
MS  system  in  full  loop  mode. 

2.5.  Method  validation 

The  UPLC-MS/MS  procedure  for  the  quantification  of  sildenafil, 
tadalafil  and  vardenafil  in  blood  was  validated  according  to  inter¬ 
nationally  accepted  recommendations.30-33 


For  the  determination  of  selectivity  and  specificity,  ten  pools  of 
drug-free  blood  samples,  nine  consisting  of  a  mixture  of  four 
postmortem  blood  samples  and  one  prepared  with  three  ante¬ 
mortem  blood  samples,  were  extracted  as  described  previously 
without  the  addition  of  IS.  In  addition,  a  blank  sample  with  IS  were 
analyzed  for  peaks  deriving  from  IS  and  interfering  with  the 
detection  of  the  analytes.  All  chromatograms  were  free  of  back¬ 
ground  interference  (0%  false  positives  and  <10%  false  negatives). 
The  assay  was  found  to  be  selective  and  specificity  for  all  tested 
compounds,  no  interfering  peaks  were  observed. 

To  determine  linearity,  blank  blood  samples  were  spiked  at  ten 
different  concentration  levels  and  then  analyzed.  Calibration  curves 
were  linear  over  the  concentration  range  of  5-1000  ng/mL,  with 
coefficients  of  determination  (r2)  better  than  0.997  and  intercepts 
were  all  close  to  zero  and  not  statistically  significant  (Table  1 ). 

Limit  of  detection  (LD)  and  limit  of  quantification  (LQ)  were 
determined  at  low  concentrations  between  0.5  and  20  ng/mL,  using 
six  equidistant  calibration  points.  The  calibration  curves  were  fitted 
linearly  (r2  >  0.998)  and  LD  and  LQwere  calculated  using  (3.3  X  Sy  I 
x)l b  and  (10  x  5y/x)/b,  respectively,  were  Sy/X  is  calibration  curve 
residual  standard  deviation  and  b  is  calibration  curve  slope.  LD  and 
LQof  PDE-5  are  listed  in  Table  1. 

QC  samples  (QC  low  and  QC  medium)  were  prepared  at  con¬ 
centrations  described  in  Table  2.  Three  samples  of  each  QC  con¬ 
centration  were  measured  over  a  period  of  five  consecutive  days. 
Daily  calibration  curves  were  used  to  calculate  the  concentration  of 
the  QCs. 

Precision  data  for  within-day  (repeatability)  and  time-different 
intermediate  precision  (combination  of  within  and  between-day 
effect)  of  the  method  were  calculated  using  one-way  analysis  of 
variance  (ANOVA)  with  the  grouping-variable  day.  Repeatability 
was  estimated  in  a  single  assay  by  extraction  and  analysis  of  QC 
samples  with  five  replicates  at  each  concentration.  Repeatability 
and  intermediate  precision  values  expressed  as  RSD  %  were  lower 
than  15%,  which  is  within  the  acceptance  criteria  for  validating 
analytical  methods  (Table  2).  Accuracy  is  expressed  as  mean  %  de¬ 
viation  from  the  nominal  concentration  of  the  quality  controls. 
Mean  accuracy  results  were  not  be  significantly  different  from  100%. 

The  extraction  efficiency  (recovery)  was  assessed  by  comparison 
of  the  peak  area  ratios  obtained  for  the  three  PDE-5  inhibitors  after 
extraction  from  blood  with  those  obtained  without  extraction.  The 
experiment  was  conducted  at  two  QC  concentrations  and  all  sam¬ 
ples  were  processed  in  triplicate.  The  recovery  values  are  listed  in 
Table  2. 


Table  2 

Validation  data  of  repeatability,  intermediate  precision,  accuracy  and  recovery  of  PDE-5  inhibitors  in  blood  samples. 


Analyte 

QC  Sample  (ng/mL) 

Measured  cone.  (ng/mL) 

Repeatibility  CV  (%) 

Intermediate  precision  CV  (%) 

Accuracy  (%)  (n  =  15) 

Recovery  (%)  (n  =  3) 

Sildenafil 

100 

112.0 

4.8 

9.3 

112.0 

87.6 

500 

514.4 

2.2 

2 

102.9 

91.9 

Tadalafil 

100 

115.7 

5.7 

12.3 

115.7 

51.8 

500 

516.6 

1.8 

2.2 

103.1 

85.2 

Vardenafil 

100 

116.0 

7.7 

12.3 

116.0 

68.1 

500 

512.0 

2.3 

1.7 

102.4 

80.7 
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Since  the  procedure  proved  to  be  sensitive,  selective  and 
reproducible,  the  method  developed  was  successfully  implemented 
to  analyze  postmortem  blood  samples  in  routine  forensic 
investigation. 

The  authors  present  two  cases  of  postmortem  blood  samples,  in 
which  PDE-5  inhibitors  were  detected:  one  case,  a  54  year-old 
male,  with  tadalafil  (72  ng/mL)  and  another  case,  a  26  year-old 
male,  with  sildenafil  (144  ng/mL).  In  both  cases  blood  concentra¬ 
tions  of  PDE-5  inhibitors  were  detected  in  therapeutic  levels.3,34 

3.  Conclusion 

We  present  the  validation  results  of  a  method  for  simultaneous 
assay  of  sildenafil,  tadalafil  and  vardenafil  in  blood  samples  after 
solid-phase  extraction,  using  UPLC-MS/MS,  being  a  selective  UPLC- 
MS/MS  method  that  simultaneous  quantify  three  PDE-5  inhibitors 
in  blood  samples,  important  in  forensic  toxicology  routine  analysis. 
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